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INTRODUCTION

The emergence of drug resistance complicating anti-human
immunodeficiency virus type 1 (HIV-1) therapy remains a sig-
nificant limitation in the clinical utility of inhibitors directed
against specific HIV enzymatic targets.

Viral resistance is a direct consequence of genetic diversity.
The inherent high error rate of reverse transcriptase (35, 56)
and the high replication levels of virus in vivo (5, 33, 93) allow
for the generation of many variants in the virus population.
Most important is the rapid selection of resistant variants due
to the selective pressure exerted by antiviral drugs when virus
replication continues during therapy. Recombination may also
play a significant role in the generation of HIV-1 genetic di-
versity (12, 13, 20, 80).

Early development of antiretroviral therapy focused on in-
hibitors of reverse transcriptase. Both nucleoside and non-
nucleoside inhibitors of this enzyme showed significant antivi-
ral activity (19). However, the clinical benefit of these drugs
had been limited due to drug resistance, limited potency, and
host cellular factors (78). Thus, inhibitors targeted against a
second essential enzyme of HIV-1 were urgently needed.

In 1988, the protease enzyme of HIV-1 was crystallized and
its three-dimensional structure was determined (67, 94), allow-
ing for the rapid development of protease inhibitors. Initially,
it was hypothesized that HIV-1 protease, unlike reverse tran-
scriptase, would be unable to accommodate mutations leading
to drug resistance. This is not the case, and to date more than
20 possible amino acid substitutions in the HIV-1 protease
have been observed during treatment with the currently avail-
able protease inhibitors. The genetic pattern of mutations con-
ferring resistance to these protease inhibitors is complex, and
cross-resistance between structurally different compounds oc-
curs.

In this review the structure and function of HIV-1 protease
will be discussed. The clinically relevant protease inhibitors will
be described separately with emphasis on the emergence both
in vitro and in vivo of drug-resistant variants. Mechanisms
including active-site and secondary amino acid substitutions as
well as gag cleavage site mutations will be described. Finally,
the crucial issues surrounding cross-resistance and sequential
protease inhibitor therapy will be discussed.

HIV-1 PROTEASE STRUCTURE AND FUNCTION

HIV-1 protease was classified as an aspartic proteinase on
the basis of putative active-site homology (88), its inhibition by

peptastin (77), and its crystal structure (67). The enzyme func-
tions as a homodimer composed of two identical 99-amino-
acid chains (18), with each chain containing the characteristic
Asp-Thr-Gly active-site sequence at positions 25 to 27 (88).
The crystal structure of HIV-1 protease reveals a dimer exhib-
iting exact twofold rotational C2 symmetry (67). The conserved
active-site motifs are located in loops that approach the center
of the dimer (Fig. 1). The two subunits are linked by a four-
stranded antiparallel b-sheet involving both the amino and the
carboxyl termini of each subunit. Upon binding, both subunits
form a long cleft where the catalytically important aspartic
acids are located in a coplanar configuration on the floor of the
cleft. In addition, the enzyme contains a so-called “flap struc-
ture” in each subunit, an antiparallel b-hairpin with a b-turn
that extends over the substrate binding site (34, 36). By con-
vention, the peptide bond that is cleaved is referred to as the
scissile bond that lies between P1 and P19. The flanking amino
acids going toward the amino terminus are named P1, P2, P3,
etc., and those going toward the carboxyl terminus are referred
to as P19, P29, P39, etc. (39). The subsites of the enzyme
interacting with the corresponding side chains of the polypep-
tide (substrate, inhibitor) are termed, starting from the central
aspartates, S1, S2, S3, etc. and S19, S29, S39, etc., respectively.
It has been shown that HIV protease most efficiently cleaves
peptide substrates seven amino acids long (P4-P39) with the
major processing subsites (S4-S39) (17, 49, 54, 55, 81, 89).
Substrate specificity of HIV-1 protease is significantly deter-
mined by subsites S2-S29 (22).

HIV protease processes gag (p55) and gag-pol (p160)
polyprotein products into functional core proteins and viral
enzymes (47, 50). During or immediately after budding, the
polyproteins are cleaved by the enzyme at nine different cleav-
age sites to yield the structural proteins (p17, p24, p7, and p6)
as well as the viral enzymes reverse transcriptase, integrase,
and protease (75). An asparagine replacement for aspartic acid
at active-site residue 25 results in the production of noninfec-
tious viral particles with immature, defective cores (37, 44, 48,
74). Similarly, virus particles produced by infected cells treated
with protease inhibitors contain unprocessed precursors and
are noninfectious (15, 30, 45, 48, 74, 86). Unlike reverse tran-
scriptase inhibitors, protease inhibitors block the production of
infectious virus from chronically infected cells (53). Although
the viral protease is a symmetric dimer, it binds inhibitors
asymmetrically (23, 60). These findings together with the
knowledge that amide bonds of proline residues are not sus-
ceptible to cleavage by mammalian endopeptidases gave rise to
the first class of HIV-1 protease inhibitors based on the tran-
sition state mimetic concept, with the phenylalanine-proline
cleavage site being the critical nonscissile bond (79).
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SAQUINAVIR

Saquinavir, developed by Hoffmann-La Roche, was the first
protease inhibitor to undergo clinical evaluation, demonstrat-
ing that HIV-1 protease was a valid target for the treatment of
HIV infection (40). Saquinavir is a highly active peptidomi-
metic protease inhibitor with a 90% inhibitory concentration
(IC90) of 6 nM (79). In vitro, saquinavir selects for variants
with one or both of two amino acid substitutions in the HIV-1
protease gene, a valine-for-glycine substitution at position 48
(G48V), a methionine-for-leucine substitution at residue 90
(L90M), and the double substitution G48V-L90M (27, 41, 90).
In most cases, G48V is the first mutation to appear, and con-
tinued selection results in highly resistant double-mutant vari-
ants. A substitution at either residue results in a 3- to 10-fold
decreased susceptibility to the inhibitor, whereas the simulta-
neous occurrence of both substitutions causes a more severe
loss of susceptibility of .100-fold (41).

Amino acid residue 48 is in the flexible flap loop of the
enzyme, while residue 90 is located outside the binding pocket
of the enzyme. Substitutions at position 48 could result in less
conformational freedom and greater rigidity of the flap (55).
The L90M substitution may induce conformational perturba-
tions in the enzyme altering binding of the inhibitor (3).

Ermolieff et al. reported that the inhibition constants Ki of
the constructed mutants were significantly higher than those of
wild-type virus: 3-fold for L90M, 13.5-fold for G48V, and 419-
fold for G48V/L90M (29). Maschera et al. determined the
affinity of the wild type and the three mutant proteases L90M,
G48V, and L90M/G48V (59). The affinity values for saquinavir
were 1/20, 1/160, and 1/1,000 of that of the wild type, respec-
tively. The catalytic efficiencies (kcat/Km) of the mutant pro-

teases G48V and L90M/G48V were markedly reduced, 1/10 to
1/20 of that of the wild-type protease. These findings document
the deleterious effects of these mutations on enzyme function
and significantly reduced binding of the inhibitor. Of note, the
decreased catalytic efficiencies resulted primarily from in-
creased Km values, as opposed to changes in kcat. This suggests
that the enzyme will maintain function in the presence of
substrate excess, explaining the viability of the mutant viruses.

In vivo saquinavir therapy appears to select almost exclu-
sively for mutations at codons 90 and 48 (41, 42, 92). Saquina-
vir-resistant variants emerge in approximately 45% of patients
after 1 year of monotherapy with 1,800 mg daily (14, 25, 41,
65). The frequency of genotypic resistance is lower (22%) in
patients receiving combination therapy with zidovudine, zalcit-
abine, and saquinavir (6). In contrast to in vitro-selected virus,
where the G48V mutation is the first step to resistance, the
L90M exchange is the predominant mutation selected in vivo
while the G48V (2%) or the double mutant (,2%) is rarely
found (41). In another recent study of in vivo resistance during
saquinavir monotherapy no patient was found to harbor a
G48V mutant virus (38). Interestingly, Winters et al. (94) ob-
served a higher frequency of the G48V mutation in patients
receiving higher saquinavir doses as monotherapy. All patients
(six of six) who initially developed G48V also acquired a V82A
mutation either during saquinavir treatment or after switching
to either indinavir or nelfinavir. An identical mutational pat-
tern was found in another study during saquinavir mono-
therapy (26). Some residues represent sites of natural poly-
morphism of the HIV-1 protease (positions 10, 36, 63, and 71)
and appear to be positively correlated to the L90M mutation
(42). Another substitution, G73S, has been recently identified

FIG. 1. Schematic structure of HIV-1 protease. Active-site residues are yellow; residues in the flap region are red; residue 46 and the flap hinge are dark blue;
residues adjacent to the active site are light blue; residues distant from the active site of the enzyme are purple. Designations consist of the wild-type amino acid followed
by the residue number and one or more described substitutions observed during protease inhibitor therapy; for example, I84V is a valine-for-isoleucine substitution
at residue 84 in the protease monomer. (Courtesy of John Erickson.)
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and may play a role in saquinavir resistance in vivo. Isolates
from five patients with early saquinavir resistance and those
from two patients with induced saquinavir resistance after a
switch of therapy to indinavir carried the G73S and the L90M
substitutions (24).

RITONAVIR

Ritonavir, developed by Abbott Laboratories, was the sec-
ond HIV protease inhibitor to be licensed in the United States.
Ritonavir is a potent and selective inhibitor of HIV protease
that is derived from a C2-symmetric, peptidomimetic inhibitor
(34). In vitro activity has been demonstrated against a variety
of laboratory strains and clinical isolates of HIV-1 with IC90s of
70 to 200 nM (51).

Phenotypically resistant virus generated by serial in vitro
passages is associated with specific mutations at positions 84,
82, 71, 63, and 46 (58). The I84V substitution appeared to be
the major determinant of resistance, resulting in a 10-fold
reduction in sensitivity to ritonavir. Addition of the V82F mu-
tation confers an even greater level of resistance, 10- to 20-
fold. The substitutions M46I, L63P, and A71V, when intro-
duced into the protease coding region of wild-type NL4-3, did
not result in significant changes in drug sensitivity. Based on
replication kinetics experiments, these changes are likely to be
compensatory for active-site mutations, restoring the impaired
replicative capacity of the combined V82F and I84V muta-
tions. Computer modeling of ritonavir binding to the HIV-1
protease, based on the crystal structure of the related inhibitor
A-78791 (36), demonstrated the structural effects of the V82F
and I84V substitutions in HIV-1 protease on the interaction
with ritonavir at the S1 and S19 subsites (Fig. 2). Conforma-
tional adjustments due to these mutations result in decreases
in enzyme-inhibitor interactions which are associated with loss
of drug activity. Molecular dynamics simulation studies suggest
that the M46I substitution results in a closed conformation of
the flap domain relative to the wild-type enzyme, when a sub-
strate or an inhibitor is bound (3, 7, 8). The role of the L63P
and A71V substitutions is not obvious, since these mutations
are away from the immediate vicinity of the active site and are
not involved in substrate binding (96). The catalytic efficiencies
(kcat/Km) for the mutant HIV proteases M46I, V82F, I84V,
and M46I/V82F are reduced relative to wild-type enzyme by
factors of 2.2, 3.8, 2.6, and 1.6, respectively (31). Schock et al.
observed that the mutant with the double substitution M46I-
L63P had a greater catalytic efficiency (per mole per second)
than that of the wild-type enzyme for every substrate (110 to
360%), strongly suggesting that these changes likely play a
compensatory role for other deleterious mutations (83).

Phase I/II clinical trials of ritonavir monotherapy demon-
strated a rapid decline in plasma HIV RNA to ;1% of base-
line levels (16, 33, 57, 93). After 32 weeks of treatment, only
patients receiving the highest dose of ritonavir (1,200 mg daily)
maintained a mean HIV plasma RNA reduction .0.8 log unit
(16). Genotypic analysis of the HIV protease of viral isolates
from patients with a rebound in viremia revealed a stepwise,
ordered accumulation of multiple mutations at nine different
codons resulting in amino acid substitutions at residues 20, 33,
36, 46, 54, 71, 82, 84, and 90 (63). An initial mutation at
position 82 was consistently observed and appeared to be nec-
essary for the primary loss of antiviral effect. There was no
patient with a rise in viral load without variation at residue 82,
as either a single substitution or part of a complex mutational
pattern (63). This observation suggests that the primary mech-
anism for resistance is the selection of preexisting V82 single
mutants with incompletely suppressed replication in the pres-

ence of ritonavir (5). The substitution at position 82 is followed
most frequently by mutations at positions 54, 71, and 36. In
contrast to in vitro experiments with ritonavir, in vivo I84V
emerged late and less frequently. The L90M mutation was also
observed less frequently and was always accompanied by at
least two additional mutations. Emergence of I54V was not
predicted by in vitro selection. The coappearance of I54V with
V82A/F in vivo suggests a possible compensatory role of I54V
(82).

INDINAVIR

Indinavir, developed by Merck & Co., is the third HIV
protease inhibitor licensed in the United States. Indinavir is a
potent and selective inhibitor of HIV-1 and HIV-2 proteases
with Ki values of 0.34 and 3.3 nM, respectively (91). The drug
acts as peptidomimetic transition state analogue and belongs
to the class of protease inhibitors known as HAPA (hydroxy-
aminopentane amide) compounds (91). Indinavir provides en-
hanced aqueous solubility and oral bioavailability and in cell
culture exhibits an IC95 of 50 to 100 nM (28).

Despite early reports of a lack of in vitro resistance by
selection with indinavir (91), Tisdale et al. (87) were able to
obtain resistant variants during selection in MT-4 cells with
substitutions at residues 32, 46, 71, and 82. At least four mu-
tations were required to produce a significant loss of suscep-
tibility (6.1-fold compared with the wild type). The mutation at
position 71, described as compensatory (58), appeared to con-
tribute phenotypic resistance and also to improve virus growth.
Emini et al. (28) and Condra et al. (10) found by constructing
mutant HIV-1 clones that at least three mutations at residues
46, 63, and 82 were required for the phenotypic manifestation
of resistance with a fourfold loss of susceptibility.

Early dose-ranging phase I/II studies with indinavir demon-
strated that resistance emerges rapidly at suboptimal doses of
the drug (10). Detailed genotypic analysis of viral isolates from
patients with evidence of indinavir resistance showed multiple
substitutions among at least 11 protease amino acid residues
(9). No single mutation was present in all resistant isolates. The
occurrence of mutations at residues 10, 20, 24, 46, 54, 63, 64,
71, 82, 84, and 90 was correlated with the loss of viral suscep-
tibility to indinavir in vivo. Substitutions at position 46 and/or
82 predicted resistance in all isolates. The number of substitu-
tions was also correlated with the degree of resistance. A
simple pathway to phenotypic resistance to indinavir could not
be defined. The IC95s for constructed single and double mu-
tants were identical to that for wild-type virus, indicating a
cumulative evolution of resistance. Zhang et al. demonstrated
similar IC50s for wild-type virus and the double mutant 46/82,
confirming the finding of the previous study (97). However,
their data suggest a common pathway for emergence of resis-
tance in which the first mutations that occur are M46L/I and
V82A followed by a mutation at either I54V or A71V/T.

NELFINAVIR

Nelfinavir, developed by Agouron Pharmaceuticals, is a se-
lective, nonpeptidic HIV-1 protease inhibitor that was de-
signed by protein structure-based techniques using iterative
protein crystallographic analysis (1). In vitro, nelfinavir was
found to be a potent inhibitor of HIV-1 protease with a Ki of
2.0 nM (43). The drug demonstrated antiviral activity against
several laboratory and clinical HIV-1 and HIV-2 strains with
50% effective concentrations ranging from 9 to 60 nM (70).
Nelfinavir exhibits additive-to-synergistic effects when com-
bined with other antiretroviral drugs (69). Preclinical data
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FIG. 2. Computer-generated model of HIV-1 protease-ritonavir complexes of wild-type HIV-1NL4-3 and the V82F/I84V double mutant. (A) Interaction between
ritonavir and the protease at the S19 subsite; (B) the same interactions at the S19 binding subsite. I84V decreases the interaction with the Cb group of the benzyl side
chain of ritonavir, whereas V82F results in a severe spatial overlap with the phenyl ring of the inhibitor at the P19 site. Note the effects of the double mutant on the
van der Waals interactions between the enzyme and the inhibitor.
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showed high levels of the drug in mesenteric lymph nodes and
the spleen and good oral bioavailability (84).

In vitro, following 22 serial passages of HIV-1NL4-3 in the
presence of nelfinavir, a variant (P22) with a sevenfold reduced
susceptibility was isolated. After an additional six passages a
variant (P28) with a 30-fold-decreased susceptibility to nelfi-
navir was identified (71). Sequence analysis of the protease
gene from these variants identified in decreasing frequency the
substitutions D30N, A71V, and I84V for the P22 variant and
mutations M46I, I84V/A, L63P, and A71V for the P28 variant.
Antiviral susceptibility testing of recombinant mutant HIV-
1NL4-3 containing various mutations resulted in a fivefold-in-
creased 90% effective concentration for the I84V and D30N
single mutants and the M46I/I84V double mutant, whereas no
change in susceptibility was observed with M46I, L63P, or
A71V alone (71).

In an early phase II monotherapy study with nelfinavir, viral
isolates from 9 of 17 patients had evidence of phenotypic
resistance to the inhibitor. Sequence analysis of these isolates
revealed a D30N mutation in all phenotypically resistant vari-
ants. This substitution had appeared in vitro in the P22 isolates
but not in later, more resistant isolates, suggesting the possi-
bility of a negative impact on viral fitness. A subsequent study
confirmed the importance of D30N. In 55 patients who devel-
oped nelfinavir resistance this mutation was always identified
(72). Substitutions at positions 36, 46, 71, 88, and others were
occasionally associated with the change at residue 30. How-
ever, critical primary-site mutations conferring resistance to
the other protease inhibitors were not seen.

AMPRENAVIR (VX-478 OR 141W94)

Amprenavir is a novel protease inhibitor currently in phase
III studies. Developed by Vertex Laboratories, it was designed
from knowledge of the HIV-1 protease crystal structure (46).
The drug belongs to the class of sulfonamide protease inhibi-
tors and has been shown to be a potent inhibitor of HIV-1 and
HIV-2, with IC50s of 80 and 340 nM, respectively. The mean
IC50 for amprenavir against clinical viral isolates was 12 nM
(85). HIV-1 variants 100-fold resistant to amprenavir have
been selected by in vitro passage experiments (69). DNA se-
quence analysis of the protease of these variants revealed a
sequential accumulation of point mutations resulting in amino
acid substitutions L10F, M46I, I47V, and I50V. The key resis-
tance mutation in the HIV-1 protease substrate binding site is
I50V. As a single mutation it confers a two- to threefold de-
crease in susceptibility (69). The other substitutions did not
result in reduced susceptibility when introduced as single mu-
tations into an HIV-1 infectious clone (HXB2). However, a
triple protease mutant clone containing the mutations M46I,
I47V, and I50V was 20-fold less susceptible to amprenavir than
wild-type virus. The I50V mutation has not been frequently
reported in resistance studies with other HIV protease inhib-
itors. Kinetic characterization of these substitutions demon-
strated an 80-fold reduction in the inhibition constant (Ki) for
the I50V single-mutant protease and a 270-fold-reduced Ki for
the triple mutant M46I/I47V/I50V, compared to the wild-type
enzyme (73). The single mutants L10F, M46I, and I47V did not
display reduced affinity for amprenavir. The catalytic efficiency
(kcat/Km) of the I50V mutant was decreased up to 25-fold,
while the triple mutant M46I/I47V/I50V had a 2-fold-higher
processing efficiency than the I50V single mutant, confirming
the compensatory role of the M46I-and-I47V mutation. The
reduced catalytic efficiency (kcat/Km) for these mutants in pro-
cessing peptides appeared to be due to both increased Km and
decreased kcat values.

The description of in vivo emergence of resistance to am-
prenavir is still preliminary. Ninety-two patients with no prior
protease inhibitor treatment were treated with amprenavir
alone or in combination with zidovudine-lamivudine. The mu-
tations at residues 46, 47, and 50 selected in vitro were also
observed in some patients in vivo. Additional substitutions
associated with the I50V mutation included changes at resi-
dues 54 and 84. Mutations at positions 10, 20, 54, 82, and 84
also occurred independently of the I50V mutation (66).

The significance of these genotypic changes as they relate to
phenotypic resistance and in vivo drug activity remains to be
further elucidated.

PROTEASE INHIBITORS IN PRECLINICAL
DEVELOPMENT

PNU-140690. PNU-140690 (sulfonamide-containing 5,6-di-
hydro-4-hydroxy-2-pyrone) is a potent nonpeptidic HIV-1 pro-
tease inhibitor that was developed by structure-based design by
Pharmacia & Upjohn. In H9 cell cultures, PNU-140690 inhib-
ited acute infection with laboratory strain HIV-1IIIB at an
average IC90 of 0.16 U (76). Enzymatic data underscore its
potency and selectivity with inhibition constant values of Ki ,
0.01 nM for the HIV-1 protease and Ki , 1 nM for the HIV-2
protease. PNU-140690 is active against HIV-1 isolates that are
significantly resistant to ritonavir. An HIV-1NL4-3 passaged in
the presence of ritonavir containing the substitutions L10I,
M46I, L63P, and I84V/A conferred profound resistance (47- to
.125-fold) to several structurally different protease inhibitors.
However, this highly resistant isolate demonstrated only a six-
fold increase in the IC90 of PNU-140690 versus wild-type HIV-
1NL4-3 (76). The combination of PNU-140690 with ritonavir in
vitro resulted in additive-to-synergistic effects, with even
greater synergy demonstrated against ritonavir-resistant iso-
lates (4). The specific pattern of in vitro resistance to PNU-
140690 has yet to be identified.

ABT-378. ABT-378 is a novel C2-symmetric protease inhib-
itor currently in phase I studies. The drug, developed by Ab-
bott Laboratories, appears to be 10-fold more potent than its
precursor, ritonavir, and demonstrates in vitro activity against
ritonavir-resistant isolates (52). However, preliminary reports
of amino acid substitutions selected by ABT-378 include L10F,
V32I, M46I, I84V, and T91S (61).

CROSS-RESISTANCE AND SEQUENTIAL THERAPY

The issues surrounding cross-resistance to protease inhibi-
tors and sequential therapy remain poorly defined and com-
plex. Condra et al. (10) described patients undergoing therapy
with indinavir. Five of the variants resistant to this inhibitor
were cross-resistant to a panel of other protease inhibitors
including saquinavir and amprenavir (10). Cross-resistance to
all inhibitors required a minimum of four substitutions in the
protease (M46I, L63P, V82T, and I84V). In a subsequent study
15 additional virus isolates were characterized (9). Resistance
to indinavir was associated with a loss of susceptibility to
ritonavir, whereas only a subset of indinavir-resistant variants
exhibited decreased susceptibility to saquinavir (63%) and am-
prenavir (81%). The major contributors to cross-resistance to
ritonavir appeared to be substitutions at either V82 or I84. The
pattern of cross-resistance among indinavir, saquinavir, and
amprenavir was not clearly discernible and seemed to be more
complex. Tisdale et al. (86) analyzed variants individually se-
lected for in vitro resistance to five different protease inhibi-
tors. A total of 11 different mutations were selected on passage
in the presence of the different compounds. The saquinavir-
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selected quadruple mutant (G48V, A71V, I84V, L90M)
showed different levels of resistance to indinavir (3.8-fold),
amprenavir (1.8-fold), and A-77003 (5.6-fold), the parent com-
pound of ritonavir. The indinavir-selected quadruple variant
(V32I, M46L, A71V, V82I) showed cross-resistance to A-77003
(9.8-fold) but had 5- to 6-fold-increased susceptibility to sa-
quinavir and only 1.5-fold-increased resistance to amprenavir.
The amprenavir-selected variant with the double mutation
M46I/L-I50V exhibited a three- to fourfold-increased suscep-
tibility to saquinavir and a two- to fourfold-enhanced suscep-
tibility to indinavir compared to the wild type. These in vitro
data suggest that combination protease inhibitor therapy may
be a cogent strategy in protease-naive patients. During in vitro
selection studies with the protease inhibitor ritonavir, three
different viral variants resistant to ritonavir were assayed for
cross-resistance to saquinavir and indinavir (58). The single
mutants I84V and V82F and the quadruple mutant M46I/
A71V/V82F/I84V displayed comparable levels of resistance to
indinavir and ritonavir. In contrast, susceptibility to saquinavir
was only moderately reduced, twofold for both single mutants
and threefold for the quadruple mutant. Mo et al. (61) inves-
tigated cross-resistance of several HIV-1 variants to a panel of
six structurally diverse protease inhibitors. They confirmed the
previous finding of only discrete loss of susceptibility for single
mutant I84V and multiple mutant M46I/L63P/A71V/V82F/
I84V to saquinavir. Interestingly, the triple mutation M46I/
L63P/I84A conferred a significant level of resistance, with IC90
increases of 80-fold for ritonavir, indinavir, and saquinavir and
125-fold for nelfinavir compared with the wild type. Molla et al.
(62) examined the cross-resistance of mutant HIV-1 selected
by ritonavir in vivo to the four protease inhibitors saquinavir,
indinavir, nelfinavir, and amprenavir. Cross-resistance to indi-
navir and nelfinavir was observed in some of the patient iso-
lates with multiple mutations, with 3- to 8-fold and 4- to 14-fold
losses of susceptibility, respectively. No significant cross-resis-
tance to either saquinavir or amprenavir was detected. Suscep-
tibility testing of molecular mutant clones revealed a similar
pattern of cross-resistance. The double mutant V82T-I54V and
the highly ritonavir-resistant multiple mutants displayed signif-
icant cross-resistance to indinavir and nelfinavir but retained
wild-type sensitivity to saquinavir and amprenavir.

Limited resistance data from sequential therapy with differ-
ent protease inhibitors are slowly becoming available. Twenty-
two patients initially treated with saquinavir were switched to
indinavir due to a poor virological response. Eleven of the 22
did not respond to indinavir. Five patients had saquinavir re-
sistance mutations including L90M (24). These mutations were
maintained during indinavir therapy, and a limited number of
other resistance substitutions were added, including L10I,
M36I, L63P, A71V, and the previously uncharacterized substi-
tution G73S. Viral isolates from two patients contained G48V,
and the switch to indinavir resulted in the rapid selection of
V82A. In the remaining four patients no mutations were noted
at the time of the switch. However, typical substitutions of
saquinavir resistance emerged under indinavir pressure. These
findings strongly suggest that in these four patients saquinavir-
resistant variants were present as a minority in the virus pop-
ulation, with indinavir exposure selecting for their rapid
emergence. Despite the demonstration of relatively modest
cross-resistance in vitro, saquinavir treatment followed by indi-
navir therapy resulted in the rapid selection of HIV-1 variants
resistant to both saquinavir and indinavir. Nine of the 11 indi-
viduals with no response to indinavir failed saquinavir therapy
with the typical saquinavir-resistant genotypes. Another study
examined the genotypes of patients that failed long-term sa-
quinavir therapy and were switched to either indinavir or nelfi-

navir (94). Three of nine patients who initially developed
L90M on saquinavir therapy acquired the M36I or M46I sub-
stitution following nelfinavir or indinavir treatment. Only one
patient with the L90M mutation showed evidence of the D30N
mutation after nelfinavir failure. Patients without L90M or
G48V following saquinavir therapy acquired L90M (four of
seven) or D30N (one of seven) mutations on exposure to the
second protease inhibitor. Some isolates of saquinavir-treated
patients already had decreased in vitro susceptibility to nelfi-
navir and/or indinavir prior to therapy with these protease
inhibitors. Moreover, after treatment with a second protease
inhibitor, viruses emerged with reduced susceptibility to more
than one inhibitor. These results indicate that initial therapy
with one protease inhibitor may provide a genotypic founda-
tion for the emergence of resistance mutations selected by
exposure to a subsequent protease inhibitor.

Taken together, these data suggest that emergence of cross-
resistance to protease inhibitors in vivo is a very complex and
dynamic process which cannot be adequately predicted by stan-
dard viral genotypic and phenotypic assays (11). Novel pheno-
typic recombinant assays have been developed to rapidly de-
termine drug susceptibility (32, 68). The clinical utility of these
new technologies awaits clear definition.

CLEAVAGE SITE MUTATIONS

HIV-1 protease cleaves the gag and gag-pol precursor pro-
teins at nine different cleavage sites (75). Cleavage sites are
divided into two types: the “classical,” which are situated be-
tween p17/p24, p11 (protease)/p51, and the N terminus of
protease, and the “nonclassical,” which include the remaining
cleavage sites. Different cleavage sites are cleaved at different
rates: p2/p7 and TF (transframe protein)/PR are the most
rapidly processed cleavage sites, while p7/p1 and p1/p6 are the
most slowly cleaved (17, 90). Doyon et al. (21) determined
catalytic efficiency and growth kinetics of protease-resistant
variants selected in vitro in the presence of two different sub-
strate analog inhibitors, BILA 1906 BS and BILA 2185 BS.
Sequence analysis of drug-resistant clones included not only
typical mutations in the protease gene but also substitutions in
gag precursor p1/p6 and/or p7/p1 cleavage sites. The p1/p6
mutation was found in 17 of 19 clones, whereas the p7/p1
mutation was observed only in highly resistant variants carrying
seven or eight mutations in the protease gene. Growth kinetic
studies revealed that variants containing mutations in both the
protease gene and the cleavage sites grew significantly less well
than wild-type virus but more efficiently than constructed chi-
meric variants lacking the cleavage site mutations. Analysis of
the enzymatic activity of highly mutated variants towards pep-
tides representing wild type or mutant cleavage sites with an
L-to-F substitution in the P19 position of the p1/p6 junction
and/or a QA-to-RV change in the P3 and P2 residues of the
p7/p1 junction indicated that the catalytic activity of the mu-
tant enzyme was 2- to 10-fold increased when peptides with
cleavage site mutations were used. However, wild-type pep-
tides were more efficiently cleaved by wild-type HIV-1 pro-
tease than by mutated protease and mutated peptides. These
data provide the first evidence of cleavage site mutations im-
proving polyprotein processing of mutant HIV-1 protease,
which permits compensation for impaired protease activity.

Zhang et al. analyzed sequences of the protease gene and
cleavage sites of six patients with a rebound in plasma virus
levels during antiretroviral therapy with indinavir (97). In ad-
dition to the sequential acquisition of protease mutations at
residues 46, 54, 71, 82, 89, and 90, each patient had an identical
mutation at position P2 in gag p7/p1. In one patient, an addi-
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tional mutation at the gag p1/p6 cleavage site appeared. Re-
combinant HIV-1 variants with protease mutations at residues
46 and 82, but without mutations in p7/p1 and p1/p6, displayed
a 68% reduction in replication rate compared to wild-type
virus. Introduction of an additional mutation in the p7/p1
cleavage site resulted in a 41% increase in the replication rate
compared to the latter variant. These findings confirm the in
vitro results reported by Doyon et al.: cleavage site mutations
compensate for the deleterious effect of a certain mutation in
vivo and confer a significant growth advantage in the presence
of the inhibitor (21).

CONCLUSIONS

HIV-1 protease inhibitors represent an expanding class of
potent antiretroviral agents with superior in vivo antiviral ac-
tivity. Given the results of in vitro selection and analysis of
patient isolates for each protease inhibitor, it is evident that
there is a striking overlap of resistance-conferring mutations
among most of the available protease inhibitors (Table 1).

The distinct pattern of viral resistance selected by individual
drugs is an important element for the design of ideal combi-
nation therapies. Clearly, one criterion for selection of drugs
used in combination therapy should be non-cross-resistance.
Given the observation that initial pathways to resistance
among protease inhibitors may differ, theoretically, a combi-
nation of protease inhibitors with different initial pathways to
resistance may represent a rational strategy for efficient long-
term suppression of viral replication. Studies using combina-
tions of protease inhibitors with and without reverse transcrip-
tase inhibitors are ongoing (2). The development of potent
novel protease inhibitors with divergent mutational pathways
hold promise for design of highly efficient and long-term sup-
pressive antiretroviral combination therapy.
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1997. Selection of saquinavir resistant mutants by indinavir following a
switch from saquinavir, abstr. 16, p. 11. In Abstracts of the International
Workshop on HIV Drug Resistance, Treatment Strategies and Eradication,
St. Petersburg, Fla.

25. Duncan, I. B., H. Jacobsen, S. Owen, and N. A. Roberts. 1996. Reduced HIV
sensitivity during treatment with proteinase inhibitor saquinavir, abstr. 155.
In Abstracts of the 3rd Conference of Retroviruses and Opportunistic In-
fections, Washington, D.C.

26. Eastman, P. S., I. B. Duncan, C. Gee, and E. Race. 1997. Acquisition of
genotypic mutations associated with reduced susceptibility to protease in-
hibitors during saquinavir monotherapy, abstr. 30, p. 19. In Abstracts of the
International Workshop on HIV Drug Resistance, Treatment Strategies and
Eradication, St. Petersburg, Fla.

27. Eberle, J., B. Bechowsky, D. Rose, U. Hauser, K. vonder Helm, L. Guertler,
and H. Nitschko. 1995. Resistance of HIV type 1 to proteinase inhibitor Ro
31-8959. AIDS Res. Hum. Retroviruses 11:671–676.

28. Emini, E. A., W. A. Schleif, P. Deutsch, and J. H. Condra. 1996. In vivo
resistance of HIV-1 variants with reduced susceptibility to the protease
inhibitor L-735,524 and related compounds. Antiviral Chemother. 4:327–
331.

29. Ermolieff, J., L. Hong, X. Lin, S. Foundling, J. A. Hartsuck, and J. Tang.
1997. Kinetic and structural basis of saquinavir resistance of HIV-1 protease
mutants, abstr. 14, p. 9. In Abstracts of the International Workshop on HIV
Drug Resistance, Treatment Strategies and Eradication, St. Petersburg, Fla.

30. Gottlinger, H. G., J. G. Sodroski, and W. A. Haseltine. 1989. Role of capsid
precursor processing and myristoylation in morphogenesis and infectivity of
the human immunodeficiency virus type 1. Proc. Natl. Acad. Sci. USA 86:
5781–5785.

31. Gulnik, S. V., L. I. Suvorov, B. Liu, B. Yu, B. Anderson, H. Mitsuya, and
J. W. Erickson. 1995. Kinetic characterization and cross-resistance patterns
of HIV-1 protease mutants selected under drug pressure. Biochemistry 34:
9282–9287.

32. Hertogs, K., M.-P. deBethune, V. Miller, T. Ivens, P. Schel, A. van Cauwen-
berge, C. van den Eynde, V. van Gerwen, H. Azijn, M. van Houtte, F. Peeters,
S. Staszewski, M. Conant, S. Bloor, S. Kemp, B. Larder, and R. Pauwels.
1998. A rapid method for simultaneous detection of phenotypic resistance to
inhibitors of protease and reverse transcriptase in recombinant human im-
munodeficiency virus type 1 isolates from patients treated with antiretroviral
drugs. Antimicrob. Agents Chemother. 42:269–276.

33. Ho, D. D., A. U. Neumann, A. S. Perelson, W. Chen, J. M. Leonard, and M.
Markowitz. 1995. Rapid turnover of plasma virions and CD4 lymphocytes in
HIV-1 infection. Nature 373:123–126.

34. Ho, D. D., T. Toyoshima, H. Mo, D. J. Kempf, D. Norbeck, C. M. Chen, N. E.
Wideburg, S. K. Burt, J. W. Erickson, and M. K. Singh. 1994. Character-
ization of human immunodeficiency virus type 1 variants with increased
resistance to a C2-symmetric protease inhibitor. J. Virol. 68:2016–2020.

35. Holland, J., K. Spindler, F. Horodyski, E. Grabau, S. Nichol, and S. Vander-
Pol. 1982. Rapid evolution of RNA genomes. Science 215:1577–1585.

36. Hosur, M. V., T. N. Bhat, D. J. Kempf, E. T. Baldwin, B. Liu, S. Gulnik, N. E.
Wideburg, D. W. Norbeck, K. Appelt, and J. W. Erickson. 1994. Influence of
stereochemistry on activity and binding modes for C2 symmetry-based-in-
hibitors of HIV-1 protease. J. Am. Chem. Soc. 116:847–855.

37. Huff, J. R. 1991. HIV protease: a novel chemotherapeutic target for AIDS. J.
Med. Chem. 34:2305–2314.

38. Ives, K. J., H. Jacobsen, S. A. Galpin, M. M. Garaev, L. Dorrell, J. Mous, K.
Bragman, and J. N. Weber. 1997. Emergence of resistant variants of HIV in
vivo during monotherapy with the proteinase inhibitor saquinavir. J. Anti-
microb. Chemother. 39:771–779.

39. Jacks, T., M. D. Power, F. R. Masiarz, P. A. Luciw, P. J. Barr, and H. E.
Varmus. 1998. Characterization of ribosomal frameshifting in HIV-1 gag-pol
expression. Nature 331:280–283.

40. Jacobsen, H., F. Brun-Vezinet, I. Duncan, M. Hanggi, M. Ott, S. Vella, J.
Weber, and J. Mous. 1994. Genotypic characterization of HIV-1 from pa-
tients after prolonged treatment with increased resistance to a C2-symmetric
protease inhibitor. J. Virol. 68:2016–2020.

41. Jacobsen, H., K. Yasargil, D. L. Winslow, J. C. Craig, A. Kroehn, I. B.
Duncan, and J. Mous. 1995. Characterization of human immunodeficiency
virus type 1 mutant with decreased sensitivity to proteinase inhibitor Ro
31-8959. Virology 206:527–534.

42. Jacobsen, H., M. Hangi, M. Ott, I. B. Duncan, S. Owen, M. Andreoni, S.
Vella, and J. Mous. 1996. In vivo resistance to a human immunodeficiency
virus type 1 proteinase inhibitor: mutations, kinetics, frequencies. J. Infect.
Dis. 173:1379–1387.

43. Kaldor, S. W., V. J. Kalish, J. F. Davies, B. V. Shetty, J. E. Fritz, K. Appelt,
J. A. Burgess, K. M. Campanale, N. Y. Chirgadze, D. K. Clawson, B. A.
Dressman, S. D. Hatch, D. A. Khalil, M. B. Kosa, P. P. Lubbehusen, M. A.
Muesing, A. K. Patick, S. H. Reich, K. S. Su, and J. H. Tatlock. 1997.

Viracept (nelfinavir mesylate, AG1343): a potent, orally bioavailable inhib-
itor of HIV-1 protease. J. Med. Chem. 40:3979–3985.

44. Kaplan, A. H., J. A. Zack, M. Knigge, D. A. Paul, D. J. Kempf, D. W.
Norbeck, and R. Swanstrom. 1993. Partial inhibition of the human immu-
nodeficiency virus type 1 protease results in aberrant virus assembly and the
formation of noninfectious particles. J. Virol. 67:4050–4055.

45. Katoh, I., Y. Yoshinaka, A. Rein, M. Shibuya, T. Odaka, and S. Oroszlan.
1985. Murine leukemia virus maturation: protease region required for con-
version from “immature” to “mature” core form and for virus infectivity.
Virology 145:280–292.

46. Kim, E. E., C. T. Baker, M. D. Dwyer, M. A. Murcko, B. G. Rao, R. D. Tung,
and M. A. Navia. 1995. Crystal structure of HIV-1 protease in complex with
VX-478, a potent and orally bioavailable inhibitor of the enzyme. J. Am.
Chem. Soc. 117:1181–1182.

47. Kohl, N. E., R. E. Diehl, E. Rands, L. J. Davis, M. G. Hanobik, B. Wolanski,
and R. A. Dixon. 1991. Expression of active human immunodeficiency virus
type 1 protease by noninfectious chimeric virus particles. J. Virol. 65:3007–
3014.

48. Kohl, N. E., E. A. Emini, W. A. Schleif, L. J. Davis, J. C. Heimbach, R. A.
Dixon, E. M. Scolnik, and I. S. Sigal. 1988. Active human immunodeficiency
virus protease is required for viral infectivity. Proc. Natl. Acad. Sci. USA
85:4686–4690.

49. Kotler, M., R. A. Katz, W. Danho, J. Leis, and A. M. Skalka. 1988. Synthetic
peptides as substrates and inhibitors of a retroviral protease. Proc. Natl.
Acad. Sci. USA 85:4185–4189.

50. Kramer, R. A., M. D. Schaber, A. M. Skalka, K. Ganguly, F. Wong-Staal, and
E. P. Reddy. 1986. HTLV-III gag protein is processed in yeast cells by the
virus pol-protease. Science 231:1580–1584.

51. Kuroda, M. J., M. A. El-Farrash, S. Cloudhury, and S. Harada. 1995.
Impaired infectivity of HIV-1 after a single point mutation in the pol gene to
escape the effect of a protease inhibitor in vitro. Virology 210:212–216.

52. Lal, R., A. Hsu, G. R. Granneman, T. El-Shoubargy, M. Johnson, W. Lam,
L. Manning, A. Japour, and Sun E. Abbott Laboratories. 1998. Multiple dose
safety, tolerability and pharmacokinetics of ABT-378 in combination with
ritonavir, abstr. 647, p. 201. In Abstracts of the 5th Conference on Retrovirus
and Opportunistic Infections, Chicago, Ill.

53. Lambert, D. M., S. R. Petteway, Jr., C. E. McDanal, T. K. Hart, J. J. Leary,
G. B. Dreyer, T. D. Meek, P. J. Bugelski, D. P. Bolognesi, B. W. Metcalf, and
T. J. Matthews. 1992. Human immunodeficiency virus type 1 protease in-
hibitors irreversibly block infectivity of purified virions from chronically
infected cells. Antimicrob. Agents Chemother. 36:982–988.

54. Lillehoj, E. P., F. H. R. Salazar, R. J. Mervis, M. G. Raum, H. W. Chan, N.
Ahmad, and S. Venkatesan. 1988. Purification and structural characteriza-
tion of the putative gag-pol protease of human immunodeficiency virus.
J. Virol. 62:3053–3058.

55. Lin, Y., X. Lin, L. Hong, S. Foundling, R. L. Heinrikson, S. Thaisrivongs, W.
Leelamanit, D. Raterman, M. Shah, B. M. Dunn, and J. Tang. 1995. Effect
of point mutations on the kinetics and the inhibition of human immunode-
ficiency virus type 1 protease: relationship to drug resistance. Biochemistry
34:1143–1152.

56. Mansky, L. M., and H. M. Temin. 1996. Lower in vivo mutation rate of
human immunodeficiency virus type 1 than that predicted from the fidelity of
purified reverse transcriptase. J. Virol. 69:5087–5094.

57. Markowitz, M., M. Saag, W. G. Powderly, A. M. Hurley, A. Hsu, J. M.
Valdes, D. Henry, F. Sattler, A. La Marca, J. M. Leonard, and D. D. Ho.
1995. A preliminary study of ritonavir, an inhibitor of HIV-1 protease, to
treat HIV-1 infection. N. Engl. J. Med. 333:1534–1539.

58. Markowitz, M., H. Mo, D. J. Kempf, D. W. Norbeck, T. N. Bhat, J. W.
Erickson, and D. D. Ho. 1995. Selection and analysis of human immunode-
ficiency virus type 1 variants with increased resistance to ABT-538, a novel
protease inhibitor. J. Virol. 69:701–706.
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